I N T R O D U C T I O N
Transient receptor potential (TRP) channels are considered intrinsic sensors of the cellular environment (Clapham, 2003) . They are able to sense temperature, voltage, osmolarity, ionic homeostasis, proton concentrations, and a variety of intracellular signaling pathways (Clapham, 2003; Nilius, 2007; Venkatachalam and Montell, 2007) . Sensitivity to various chemical, physical, physiological, and pathological stimuli has become a hallmark of TRP channels and also confers their diverse physiological and pathological functions.
TRPM2, also referred to as TRPC7 (Nagamine et al., 1998) or LTRPC2 (Perraud et al., 2001; Sano et al., 2001; Hara et al., 2002) , is a member of the melastatinrelated TRP (TRPM) channel subfamily (Clapham, 2003; Montell, 2005) , which possesses both ion channel and ADP ribose (ADPR) hydrolase functions (Perraud et al., 2001; Sano et al., 2001; Hara et al., 2002) . TRPM2 is expressed in various regions of the brain (Nagamine et al., 1998; Perraud et al., 2001; Hara et al., 2002) and in other tissues, including the spleen, heart, liver, lung, and bone Correspondence to Lixia Yue: lyue@uchc.edu Abbreviations used in this paper: ADPR, ADP ribose; HP, holding potential; NMDG-Glu, NMDG glutamate; TRP, transient receptor potential; TRPM, melastatin-related TRP; WT, wild-type. marrow (Nagamine et al., 1998; Perraud et al., 2001; Hara et al., 2002) . Endogenous TRPM2 currents have been reported in neuronal cells (Hill et al., 2006 ) and a variety of other types of cells Heiner et al., 2003b Heiner et al., , 2005 Kraft et al., 2004; Beck et al., 2006; Carter et al., 2006; Hecquet et al., 2008) . TRPM2 is a Ca 2+ -permeable nonselective cation channel involved in aggravating inflammation (Yamamoto et al., 2008) , oxidative stress-mediated cortical and striatal neuronal cell death (Fonfria et al., 2005; Kaneko et al., 2006) , hematopoietic cell death (Hara et al., 2002; Kaneko et al., 2006; Zhang et al., 2006) , and insulin secretion (Togashi et al., 2006) . TRPM2 can be activated by ADPR (Perraud et al., 2001; Sano et al., 2001) , cADPR (Kolisek et al., 2005) , oxidative stress (Hara et al., 2002; Wehage et al., 2002; Naziroglu and Luckhoff, 2008) , NAD + (Sano et al., 2001; Hara et al., 2002; Heiner et al., 2003a) , and intracellular Ca 2+ (Du et al., 2009 TRPM2 is a Ca 2+ -permeable nonselective cation channel that plays important roles in oxidative stress-mediated cell death and inflammation processes. However, how TRPM2 is regulated under physiological and pathological conditions is not fully understood. Here, we report that both intracellular and extracellular protons block TRPM2 by inhibiting channel gating. We demonstrate that external protons block TRPM2 with an IC 50 of pH o = 5.3, whereas internal protons inhibit TRPM2 with an IC 50 of pH i = 6.7. Extracellular protons inhibit TRPM2 by decreasing single-channel conductance. We identify three titratable residues, H958, D964, and E994, at the outer vestibule of the channel pore that are responsible for pH o sensitivity. Mutations of these residues reduce single-channel conductance, decrease external Ca 2+ ([Ca 2+ ] o ) affinity, and inhibit [Ca 2+ ] o -mediated TRPM2 gating. These results support the following model: titration of H958, D964, and E994 by external protons inhibits TRPM2 gating by causing conformation change of the channel, and/or by decreasing local Ca 2+ concentration at the outer vestibule, therefore reducing [Ca 2+ ] o permeation and inhibiting [Ca 2+ ] o -mediated TRPM2 gating. We find that intracellular protons inhibit TRPM2 by inducing channel closure without changing channel conductance. We identify that D933 located at the C terminus of the S4-S5 linker is responsible for intracellular pH sensitivity. Replacement of Asp 933 by Asn 933 changes the IC 50 from pH i = 6.7 to pH i = 5.5. Moreover, substitution of Asp 933 with various residues produces marked changes in proton sensitivity, intracellular ADP ribose/Ca 2+ sensitivity, and gating profiles of TRPM2. These results indicate that D933 is not only essential for intracellular pH sensitivity, but it is also crucial for TRPM2 channel gating. Collectively, our findings provide a novel mechanism for TRPM2 modulation as well as molecular determinants for pH regulation of TRPM2. Inhibition of TRPM2 by acidic pH may represent an endogenous mechanism governing TRPM2 gating and its physiological/pathological functions.
M A T E R I A L S A N D M E T H O D S

Molecular biology
The TRPM2 construct was provided by A. Scharenberg (University of Washington, Seattle, WA). Mutations of TRPM2 were generated by site-directed mutagenesis (QuickChange; Agilent Technologies) according to the manufacturer's instructions. The predicted mutations were verified by sequencing analysis.
Cell culture and functional expression of TRPM2 and the mutants HEK-293 cells were grown in DMEM/F12 medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in a humidity-controlled incubator with 5% CO 2 . Cells were transiently transfected with wild-type (WT) TRPM2 or its mutants. A green fluorescent protein-containing pTracerCMV2 vector was cotransfected with pcDNA4/TO-FLAG-hTRPM2 or its mutants at a 1:10 ratio into HEK-293 cells by Lipofectamine 2000 (Invitrogen). We used 5 µl Lipofectamine 2000 for transfection of the cells in a 35-mm culture dish. The green fluorescent proteincontaining pTracerCMV2 vector and pcDNA4/TO-Flag empty vector were cotransfected as mock controls. Successfully transfected cells can be identified by their green fluorescence when illuminated at 480 nm. Electrophysiological recordings were conducted between 24 and 36 h after transfection. All patch clamp experiments were performed at room temperature (20-25°C).
Electrophysiology
Whole cell and single-channel currents were recorded using an Axopatch 200B amplifier. Data were digitized at 10 or 20 kHz and digitally filtered offline at 1 kHz. Patch electrodes were pulled from borosilicate glass and fire-polished to a resistance of 3 MΩ when filled with internal solutions. Series resistance (R s ) was compensated up to 90% to reduce series resistance errors to <5 mV. Cells in which R s was >10 MΩ were discarded .
For whole cell current recording, voltage stimuli lasting 250 ms were delivered at 1-s intervals, with either voltage ramps or voltage steps ranging from 120 to +100 mV. A holding potential of 0 mV was used for most experiments, unless otherwise stated. A fast perfusion system was used to exchange extracellular solutions, with complete solution exchange achieved in 1-3 s (Jiang et al., 2005) . The internal pipette solution for whole cell current recordings contained (in mM): 135 Cs-methanesulfonate (Cs-SO 3 CH 3 ), 8 NaCl, 0.5 CaCl 2 , 1 EGTA, and 20 HEPES, with pH adjusted to 7.2 with CsOH. Free [Ca 2+ ] i was buffered to 100 nM by 1 mM EGTA, unless otherwise specified. 200 µM ADPR was included in the pipette solution for most experiments.
The standard extracellular Tyrode's solution for whole cell current recordings contained (in mM): 145 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose, with pH adjusted to 7.4 with NaOH. Divalent-free solution contained (in mM): 145 NaCl, 20 HEPES, 5 EGTA, 2 EDTA, and 10 glucose, with estimated free [Ca 2+ ] <1 nM and free [Mg 2+ ] ≈10 nM at pH 7.4. MaxChelator was used to calculate free Ca 2+ and free Mg 2+ concentrations. Internal or external Ca 2+ was adjusted to various concentrations based on calculations using MaxChelator software (Jiang et al., 2005) . Internal and external acidic pH solutions were prepared as described previously (Jiang et al., 2005) . In brief, 20 mM HEPES used in the solutions at pH 7.0 and 7.4 was replaced by 10 mM HEPES and 10 mM Mes for the solutions at pH ≤ 6. The solutions containing 100 µM to 10 mM Ca 2+ were prepared from normal Tyrode's solution by adding the appropriate concentration of Ca 2+ , with reductions in Na + concentration when necessary to keep the constant osmolarity. External solutions containing 30 mM NH 4 Cl were prepared by decreasing Na + concentrations in the Tyrode's solution to keep the constant osmolarity. In experiments (Kühn and Lückhoff, 2004; Perraud et al., 2005) . Intracellular Ca 2+ can activate TRPM2 (Du et al., 2009 ) and also synergize ADPR-and cADPR-mediated TRPM2 activation (Perraud et al., 2001; McHugh et al., 2003; Beck et al., 2006 ). An increase in [Ca 2+ ] i levels significantly reduces the ADPR concentration required for TRPM2 activation (Perraud et al., 2001) . Moreover, ADPR and cADPR can synergistically activate TRPM2 (Kolisek et al., 2005; Beck et al., 2006) .
Once activated, TRPM2 channels conduct large inward and outward currents with a linear I-V relation. In the heterologous expression system, TRPM2 activated by ADPR/Ca 2+ can be as large as 10-20 nA (Perraud et al., 2001; Sano et al., 2001; Hara et al., 2002) . Endogenous TRPM2 activated by ADPR/Ca 2+ can readily reach 1 nA. As [Ca 2+ ] i accelerates ADPR-mediated TRPM2 activation, Ca 2+ entry through TRPM2 serves as a positive feedback for TRPM2 activation. Moreover, the metabolites generated in the NAD + pathway, including ADPR and cADPR, synergize with each other to activate TRPM2 (Kolisek et al., 2005; Beck et al., 2006) . Therefore, it seems that activation of TRPM2 will initiate a positive feedback that will lead to maximal activation of the channel and ultimately result in cell death due to Ca 2+ overload. Interestingly, TRPM2 is also involved in other cellular (Togashi et al., 2006) and physiological (Yamamoto et al., 2008) functions in addition to causing cell death, suggesting that other gating mechanisms or regulatory pathways are involved in governing TRPM2 channel functions.
To gain a better understanding as to how TRPM2 gating is regulated under physiological and/or pathological conditions, we investigated whether intracellular and extracellular acidic pH modulates TRPM2 channel functions. We report here that TRPM2 is inhibited by both intracellular and extracellular acidic pH. Although intracellular protons inhibit TRPM2 by inducing channel closure, extracellular protons block TRPM2 by reducing single-channel conductance. We establish that the external residues H958, D964, and E994 are the molecular determinants for pH o sensitivity. We first investigated the effects of low pH o on TRPM2 expressed in HEK-293 cells. As shown in Fig. 1 , acidic pH o significantly inhibited TRPM2 in a reversible (Fig. 1 A) and concentration-dependent manner (Fig. 1, B and C) . At pH o 4.0, the inhibition could not be reversed. The IC 50 for inhibition of TRPM2 was 5.3 pH units (Fig. 1 D) . To understand how external protons inhibit TRPM2, we recorded single-channel currents and analyzed singlechannel conductance and open probability. As shown in Fig. 2 , acidic pH o markedly reduced single-channel conductance from 75.4 pS at pH o 7.4 to 43.2 pS at pH o 5.5 (Fig. 2, A-C ] o -mediated TRPM2 activation. Whole cell TRPM2 currents were recorded using pipette solutions containing 500 µM ADPR and a minimal [Ca 2+ ] i concentration (1 nM) buffered by 10 mM EGTA. As shown in Fig. 3 2+ solution containing 120 mM CaCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.4) was used as the external solution (pipette solution) for the inside-out experiment in Fig. S3 .
Data analysis
Pooled data are presented as mean ± SEM. Dose-response curves were fitted by an equation of the form:
n ]}, where E is the effect at concentration C, E max is maximal effect, EC 50 is the concentration for half-maximal effect, and n is the Hill coefficient (Yue et al., 2000) . EC 50 is replaced by IC 50 if the effect is an inhibitory effect. Statistical comparisons were made using two-way ANOVA and two-tailed t test with Bonferroni correction. P < 0.05 indicated statistical significance.
Online supplemental material Fig. S1 provides concentration-dependent effects of external protons on the mutants at positions H958, D964, and E994. Fig. S2 shows time-dependent activation and inactivation of H958Q, D964N, and E994Q. protons that would allow protons to block the channel from the cytoplasmic side. We recorded TRPM2 inward current by holding the cells at 100 mV in the presence of different external solutions. Changing the external solution from NMDG-Cl at pH o 7.4 to NMDG-Cl at pH o 4.5 did not produce any inward currents (Fig. 4 A) , whereas Tyrode's solution at pH o 7.4 generated >1,000 pA inward current in the same cell. In mock-transfected control HEK-293 cells, neither NMDG-Cl at pH o 4.5 nor Tyrode's solution at pH o 7.4 produced any current (Fig. 4 B) . These results suggest that TRPM2 is not permeable to protons. To eliminate influence from other cations, we used NMDG-Glu in the pipette solution and ] i at the range of >100 nM does not influence the effects of external protons on TRPM2. These results also imply that protons may not be able to permeate through TRPM2 channels and exhibit inhibitory effects on TRPM2 from the cytoplasmic side.
TRPM2 is not permeable to protons
To further understand the mechanism by which external protons inhibit TRPM2, we performed a series of experiments to explore whether TRPM2 is permeable to ] i buffered by 10 mM EGTA and 500 µM ADPR. Ramp protocol (100 to +100 mV) was used to elicit TRPM2 currents. Current amplitude at +100 mV was measured and normalized to the maximal current amplitude at pH 7.4. The proton dose-response curve was rightward shifted at 200 µM of external [Ca 2+ ] o , and the IC 50 was changed from 5. effects of external protons at pH o 4.0, suggesting that external protons do not permeate through to block TRPM2. Overall, the results summarized in Fig. 4 indicate that TRPM2 is not permeable to external protons.
Molecular mechanisms by which external protons inhibit TRPM2
To investigate the molecular mechanism of extracellular proton inhibition of TRPM2, we created a series of mutations within the extracellular loop between S5 and S6, focusing on amino acid residues that have side chain pKa values in a physiologically relevant range, including His, Glu, and Asp residues (Fig. 5 A) . Besides the single mutations, we also generated a triple mutation for the residues H958, E960, and D964 (H958Q-E960Q-D964Q), and a double mutation for the residues of E1010 and D1012 (E1010Q-D1012Q). The resulting TRPM2 mutants were expressed in HEK-293 cells and examined for external proton sensitivity. Except E960Q and the triple mutant H958Q-E960Q-D964N, which resulted in nonfunctional channels, all the other mutants retained channel function with identical linear I-V relation to the WT TRPM2 (Fig. 6 ). The average used ramp protocol to record TRPM2 currents. Under this condition, TRPM2 produced large inward and small outward currents with a positive reversal potential when the cell was perfused with normal Tyrode's solution. External NMDG-Glu at pH o 4.5 did not produce any inward current (Fig. 4, C and D) . The inward currents measured at 100 mV in various external solutions were plotted as a function of time (Fig. 4 D) . No inward proton current was observed in NMDG-Glu at pH o 4.5 solutions. Mock-transfected cells did not produce any current when perfused with Tyrode's or NMDG-Glu solutions (n = 5). These data further support the notion that protons are not permeant cations.
We further examined concentration-dependent effects of external protons on TRPM2 elicited by ramp protocols by holding the cells at different voltages. The IC 50 at holding potential (HP) = 100 mV was slightly different from that at HP = 0 mV, but there was no statistical difference (Fig. 4 E) . Furthermore, because the blockade effects of pH o 4.0 on TRPM2 were not reversible, we perfused the cells with external solutions containing 30 mM NH 4 Cl to increase pH i . As shown in Fig. 4 F, 30 mM NH 4 Cl was unable to reverse the inhibitory (C) TRPM2 current elicited by the ramp protocol (100 to +100 mV) in Tyrode's solution (red). NMDG-Glu at pH o 4.5 did not induce any inward proton current (green). The pipette solution for this experiment contained NMDG-Glu to favor proton permeation. (D) Inward current of TRPM2 recorded at various external solutions obtained in C. Currents were measured at 100 mV and plotted as a function of time. (E) Effects of holding potentials on the inhibition of TRPM2 by external protons. Dose-response curves were constructed by normalizing the inward currents (100 mV) at each pH o to the maximal current amplitude (100 mV) obtained at pH o 7.4. The IC 50 s were 5.3 ± 0.05 (n = 9) at HP = 0 mV and 5.5 ± 0.14 (n = 9; P > 0.05) at HP = 100 mV. (F the charge of the residues at the outer vestibule play an essential role in the pH o sensitivity of TRPM2.
Changes of external [Ca 2+ ] o sensitivity in the pore mutants
The extracellular acidic pH equally inhibited both inward and outward currents of WT TRPM2 and its mutants (Figs. 1 B and 6 ), suggesting that protons may not simply block the currents at the channel pore; instead, they may change TRPM2 channel gating properties through the residues of H958, D964, and E994. A previous study demonstrated that TRPM2 cannot be activated in the absence of both extracellular and intracellular Ca 2+ (Starkus et al., 2007) ] o ) activates TRPM2 by binding in deep crevices near the pore but intracellularly of the gate. We have shown in Fig. 3 A that TRPM2 is more sensitive to external proton inhibition at a decreased external Ca 2+ concentration ([Ca 2+ ] o ). To investigate whether external protons alter TRPM2 channel gating via changing the sensitivity of TRPM2 to [Ca 2+ ] o , we tested channel activation and inactivation of WT TRPM2, H958Q, D964N, and E994Q at various external Ca 2+ concentrations by using a pipette solution current amplitudes of H958Q, D964N, H973Q, E994Q, H995Q, D1002N, E1010Q-D1012N, and E1022Q were indistinguishable from that of WT TRPM2 (Fig. 5 B) . However, the mutants at putative selectivity filter, Q981E and D987Q, displayed smaller current amplitude compared with the WT TRPM2 (Fig. 5 B) . Although the mutants H973Q, Q981E, D987Q, H995Q, D1002N, E1010Q-D1012N, and E1022Q displayed similar sensitivity to acidic pH o compared with the WT TRPM2, mutants H958Q, D964N, and E994Q were more sensitive to acidic pH o (Figs. 5 B and 6). The IC 50 s were changed from 5.3 for the WT TRPM2 to 6.3, 6.5, and 6.3 pH units for H958Q, D964N, and E994Q, respectively (Fig. 6 , G-I). Because H958Q, D964N, and E994Q are more sensitive to external low pH than the WT TRPM2, we tested whether substitution of H958, D964, and E994 by the residues with different charges and side chains would influence pH o sensitivity. As shown in Fig. S1 , H958A, H958D, and H958K have similar pH sensitivity to that of H958Q. Neutralizing (D964A) or reversing (D964K) the charge at D964 produced graded increases in proton sensitivity. The pH sensitivity of E994K was similar to that of WT TRPM2. These results suggest that changes in Figure 5 . Molecular basis for TRPM2 sensitivity to acidic pH o . (A) Schematic structure of TRPM2 and positions of substituted amino acid residues in the putative pore region of hTRPM2 (top). Alignment of the residues in the putative pore region of mTRPM2 and hTRPM2 (bottom). (B) Average current amplitude of WT TRPM2 and the mutants at pH o 7.4 and 6.0. TRPM2 currents were elicited by voltage ramps, and the outward currents at +100 mV were measured. E960Q and the triple mutant H958Q-E960Q-D964N were nonfunctional channels. *, P < 0.05. et al., 2007 , which is consistent with a previous report (Starkus Figure 6 . Changes in the pH o sensitivity of TRPM2 mutants. (A-G) Dose-response curves of the effects of acidic pH o on mutants H973Q, Q981E, D987Q, H995Q, D1002N, E1010Q/D1012N, and E1022Q. Current amplitudes at the indicated pHs were normalized to the maximal current amplitude at pH o 7.4. Inset panels illustrate original recordings of WT TRPM2 and the mutants at pH 7.4 and 6.0. Best fit of the dose-response curves yielded IC 50 s for the mutants indistinguishable from that of WT TRPM2. (H-J) Altered pH o sensitivity in H958Q, D964N, and E994Q compared with WT TRPM2. Dose-response curves were rightward shifted, and the IC 50 s were changed by 1 pH unit for H958Q, D964N, and E994Q, respectively. Inset panels illustrate representative recordings at pH 7.4 and 6.0. Note that the linear I-V relation of WT TRPM2 was not changed in H958Q, D964N, and E994Q. The Hill coefficient was n H = 1.4 ± 0.1 for WT TRPM2, n H = 1.0 ± 0.1 for H958Q, n H = 1.7 ± 0.3 for D964N, and n H = 3.2 ± 0.3 for E994Q.
sensitivity. As shown in Fig. 8 , the single-channel conductance was decreased from 75.4 pS (WT TRPM2) to 59.9 pS (D964K), 49.5 pS (E994Q), and 57.8 pS (H958Q), respectively. Moreover, the number of open channels in these mutants was also smaller than that of WT TRPM2. However, due to the fast rundown of single-channel currents, we did not analyze NP o for the mutants. Nonetheless, the decreased single-channel conductance of the mutants is similar to the single-channel conductance of WT TRPM2 at pH 5.5 (Fig. 2) , suggesting that these three residues play an essential role in mediating acidic external pH o effects on TRPM2.
To summarize, we have shown that extracellular protons inhibit TRPM2 gating by decreasing single-channel conductance. We found that extracellular protons affect extracellular but not intracellular Ca 2+ sensitivity. 
Effects of intracellular protons on TRPM2
To study whether low intracellular pH influences TRPM2 channel activation, we first recorded TRPM2 whole cell currents using intracellular pipette solutions with various proton concentrations. As illustrated in Fig. 9 A, pH i 6.5 significantly delayed channel activation and decreased current amplitude. At pH i 5.5, TRPM2 could only be activated for a short time after a long delay (Fig. 9,  A and B ). The effect of pH i was reversed upon perfusion with 30 mM NH 4 Cl (Fig. 9, C and D ] o sensitivity, the activation of H958Q and D964N at 0.5 and 2 mM [Ca 2+ ] o was significantly slower than that of WT TRPM2 (Fig. S2 E) ] o free) (Starkus et al., 2007) , activation of TRPM2 is significantly delayed. Thus, the delayed activation of the pore mutants supports the notion that external protons inhibit TRPM2 by inhibiting TRPM2 gating. Unlike WT TRPM2, H958Q, D964N, and E994Q also exhibited time-dependent inactivation at higher [Ca 2+ ] o (Fig. S2) . For example, H958Q, D964N, and E994Q completely inactivated within 100200 s at 10 mM [Ca 2+ ] o , whereas the WT TRPM2 displayed sustained current after minor inactivation (Fig. S2 F) . Although further studies are required to fully understand how external [Ca 2+ ] o causes H958Q, D964N, and E994Q inactivation at higher concentrations and delayed activation at lower concentrations, these results further indicate that these pH o -sensitive residues in the pore region are able to alter [Ca 2+ ] o sensitivity and therefore regulate TRPM2 channel activation and inactivation.
Changes in single-channel conductance in the pore mutants
To further understand the mechanisms of external protons' inhibition of TRPM2, we investigated the singlechannel conductance of the mutants with changed pH o mediated activation were 131 ± 10.8 µM (n H = 3.3 ± 0.5; n = 8) for WT TRPM2, 239 ± 25 µM (n H = 2.7 ± 0.5; n = 8) for H958Q, 256 ± 30.2 µM (n H = 2.8 ± 0.4; n = 8) for D964N, and 298 ± 52.6 µM (n H = 2.6 ± 0.4; n = 8) for E994Q. change intracellular pH by 2 pH units (Rajdev and Reynolds, 1995) . To understand the mechanism of TRPM2 inhibition by pH i , we tested the effects of various proton concentrations on channel openings in inside-out excised patches. As shown in Fig. 10 A, pH i 6.5 effectively decreased the number of open channels, and pH i 5.5 almost completely inhibited all the channel openings. The inhibitory effect of acidic pH was partially reversed when the patches were exposed to high pH solutions (Fig. 10 A) . The single-channel conductance was not changed by acidic pH i (Fig. 10, B-D, right panels) . For example, the current amplitude at +80 mV was 6.13 ± 0.02 pA (n = 10) at pH i 6.5, producing an estimated single-channel conductance of 76.6 pS. At pH i 5.5, singlechannel conductance estimated from the mean current amplitude (6.06 ± 0.02 pA at +80 mV; n = 10) was 75.7 pS. Concentration-dependent effects of internal protons were further evaluated by macroscopic currents obtained from inside-out patches. The IC 50 of internal protons on TRPM2 was 6.7 pH units (Fig. 10 E) , which is close to the pH i ranges that occur under ischemic pathological conditions (Siesjö, 1988) .
Internal protons influence [Ca
2+ ] i -and [ADPR] i -mediated TRPM2 gating
We next investigated the potential mechanism of intracellular protons' effects on TRPM2. TRPM2 currents were recorded in inside-out patches in the bath (internal) solutions containing 200 µM [ADPR] i and 100 µM or 100 nM [Ca 2+ ] i at various proton concentrations. As shown in (Fig. 12 G) was similar to that of WT TRPM2 activated by 100 nM Ca 2+ /200 µM ADPR (Fig. 12 D) To study whether the charge or the side chain of D933 is responsible for the changed characteristics of the channel, we mutated D933 to different residues (Fig. 12 , B and C), including D933E, D933H, D933K, and D933A. Using regular pipette solution containing 100 nM Ca 2+ /200 µM ADPR, we found that only D933E was activated to a small degree (Fig. 12 B) , suggesting that the negative charge plays a role in TRPM2 activation. With increased Ca 2+ and ADPR concentrations (100 µM [Ca 2+ ] i /1 mM [ADPR] i ) in the internal pipette solution, both D933E and D933N were substantially activated, although the maximal current amplitudes were much smaller than that of WT TRPM2 (Fig. 12, B and C). D933K and D933H were also activated by the pipette solution containing 100 µM [Ca 2+ ] i /1 mM [ADPR] i . However, the current amplitude of D933K and D933H was only 10% of that of D933N (Fig. 12 C) . Interestingly, D933E and D933H displayed strong outward rectification, with smaller inward currents than that of D933N and WT TRPM2, suggesting that D933E and D933H may have changed TRPM2 gating properties or permeation properties. The mutant D933A produced extremely small currents with a linear I-V Fig. 11 A, ] i for a binding site. To understand how internal protons affect [ADPR] imediated TRPM2 activation, we evaluated concentration-dependent effects of ADPR at pH i 7.2 and 6.7. The ADPR concentration required for activating 50% of the maximal TRPM2 currents was increased from 2.7 to 154.2 ± 27 µM (Fig. 11 B) , and the maximal response at pH i 6.7 is 30% smaller than that at pH i 7.2, indicating that both ADPR binding to the binding domain and the coupling between the binding and the channel gating are influenced by acidic pH i . Therefore, intracellular protons inhibit TRPM2 by altering [ADPR] i -mediated TRPM2 gating.
Molecular mechanisms of intracellular pH sensitivity of TRPM2
To investigate the molecular mechanisms of pH i regulation on TRPM2, we mutated several titratable intracellular residues at the S2-S3 and S4-S5 linkers and the C terminus adjacent to the S6 domain. Among these mutants, we found that D933N produced dramatic functional changes of TRPM2. With the regular intracellular pipette solutions containing 100 nM [Ca 2+ ] i and 200 µM [ADPR] i , D933N could not be activated (Fig. 12 B) . However, an increase of intracellular Ca 2+ to 100 µM and ADPR to 1 mM was able to activate D933N (Fig. 12,  C and G) . The I-V relation of D933N elicited by 100 µM n = 6). These results indicate that D933 is responsible for the intracellular proton sensitivity of TRPM2.
Overall, although neutralization of D933 did not completely eliminate pH i sensitivity, the IC 50 for intracellular protons of D933N is significantly decreased compared with that of WT TRPM2. Moreover, several lines of evidence suggest that D933N can mimic the protonated state of WT TRPM2, including: (1) slow activation and inactivation of D933N (Fig. 12 A, blue) is similar to that of WT TRPM2 at pH i 6.5 (Fig. 9 A, blue) ; (2) (Fig. 13, A-D) , which is similar to the decreased maximal current amplitude of WT TRPM2 (100 nM [Ca 2+ ] i /1 mM [ADPR] i ) at pH i 6.7 compared with that of pH i 7.2 (Fig. 11 B) . Although D933 may form a Ca 2+ binding site by coordinating with surrounding residues, given the similar characteristics of D933E and D933N, our data indicate that D933 plays relation. Moreover, D933E, D933N, and D933H displayed strong time-dependent inactivation (Fig. 12 A) . Currents were almost completely inactivated within 150 s (Fig. 12 A) . These results indicate that both the charge and the side chain of the residues contributed to the changed I-V relation, [ADPR] 
] i sensitivity, and gating properties of the TRPM2 mutants at the position of D933.
Using pipette solutions containing 100 µM [Ca 2+ ] i / 1 mM [ADPR] i , we further tested intracellular pH effects on D933N and D933E, but not D933H, D933K, and D933A due to their small current amplitude. Internal pH i 6.0 did not inhibit D933N or D933E, whereas WT TRPM2 was blocked by 80% at pH i 6.0 (Fig. 13, A-F) . At pH i 5.0, however, D933N and D933E were blocked by 70% (Fig. 13, C-F) . Concentration-dependent effects illustrated that IC 50 s of protons on D933N and D933E were changed from pH i 6.3 (WT TRPM2) to pH i 5.5 and 5.3, respectively (Fig. 13, G and H) . In addition, the maximal current amplitude of D933N (0.7 ± 0.1 nA/pF; n = 9) and D933E (0.9 ± 0.05; n = 12) at pH i 7.2 was much smaller than that of WT TRPM2 (1.1 ± 0.04 nA/pF; A best fit of the normalized current amplitude yielded an IC 50 of 6.7 ± 0.02 pH units (n H = 3.0 ± 0.3; n = 10 for each indicated pH). Analysis using currents recorded at +80 mV or at 80 mV produced identical IC 50 s.
2001; Sano et al., 2001; Hara et al., 2002; Beck et al., 2006; Togashi et al., 2006) . ADPR, cADPR, and intracellular Ca 2+ can produce synergized activation of TRPM2, leading to maximal activation of the channel and resulting in cell death via Ca 2+ overload. Interestingly, TRPM2 is also involved in insulin secretion (Togashi et al., 2006) and inflammatory responses (Yamamoto et al., 2008) , suggesting that other regulatory mechanisms are involved in TRPM2 gating. We demonstrate that extracellular and intracellular acidic pH effectively inhibits TRPM2 channel activity (Figs. 1 and 10) . Thus, acidic pH may serve as a negative feedback to control TRPM2 gating under physiological or pathological conditions. A recent study demonstrated that TRPM2 is involved in regulating reactive oxygen species-induced chemokine production in monocytes, thereby aggravating inflammation (Yamamoto et al., 2008) . It is known that local tissue acidosis occurs during inflammation, ischemia, or tissue injury. Therefore, the inhibitory effects of acidic pH on TRPM2 may slow down the deteriorating process of a cell caused by TRPM2 activation during reactive oxygen species-associated inflammation or during ischemia, and therefore sustain the inflammatory status. Nonetheless, it is plausible that the regulatory effects of acidic pH on TRPM2 gating may also confer some unknown physiological or pathological functions.
Extracellular acidification has been shown to regulate the activity of a large number of ion channels, including several TRP channels. Extracellular acidic pH is involved in TRPV1 channel gating (Jordt et al., 2000; Ryu et al., 2003) , potentiates TRPC4 and TRPC5 currents but inhibits TRPC6 currents (Semtner et al., 2007) , blocks Ca 2+ -activated TRPM5 (Liu et al., 2005) , inhibits TRPV5 (Yeh et al., 2003) , and potentiates TRPM6 and TRPM7 inward currents (Jiang et al., 2005; Li et al., 2006 Li et al., , 2007 . Internal protons inhibit TRPM7 by screening negative charges of PIP 2 (Kozak et al., 2005) and block TRPM8 activated by icilin or low temperature (Andersson et al., 2004) . Here, we show that TRPM2 is inhibited by both internal and external protons. Although our data suggest that both internal and external protons inhibit TRPM2 by altering its an essential role in intracellular pH i sensitivity and in intracellular [Ca 2+ ] i /[ADPR] i -mediated TRPM2 gating. Furthermore, because the residue D933 is located in the S4-S5 linker, it may be an important component of the intracellular gate of TRPM2. Additionally, it is plausible that D933 may serve as the binding site for external [Ca 2+ ] o permeating through the channel; therefore, D933 may be able to regulate external [Ca 2+ ] o -mediated TRPM2 gating.
D I S C U S S I O N
We demonstrate that TRPM2 is regulated by both extracellular and intracellular acidic conditions. While acidic pH o inhibits TRPM2 by decreasing single-channel conductance, acidic pH i blocks TRPM2 by inducing channel closure without changing channel conductance. We identify three external residues that are responsible for external pH o sensitivity as well as external [Ca 2+ ] o sensitivity. Mutations of the three residues decrease single-channel conductance, change pH o sensitivity, and reduce [Ca 2+ ] o affinity to TRPM2. Because the three residues are located at the outer vestibule of the pore, it seems that protonation of these residues causes conformational changes leading to alteration of TRPM2 gating and/or causes decreased Ca 2+ permeation, therefore inhibiting [Ca 2+ ] omediated TRPM2 gating. We find that the intracellular residue D933 at the C terminus of the S4-S5 linker is responsible for acidic pH i sensitivity. Moreover, mutations of D933 significantly inhibit intracellular [Ca 2+ ] i -and [ADPR] i -mediated TRPM2 gating, suggesting that D933 could be an important component of the intracellularly of the gate for TRPM2 gating. Collectively, our results not only reveal a novel mechanism of TRPM2 modulation by internal and external protons, but also provide molecular mechanisms for acidic pH modulation of TRPM2.
TRPM2 is inhibited by internal and external acidic pH
TRPM2 is a Ca 2+ -permeable nonselective cation channel that can be activated by ADPR, cADPR, NAD + , oxidative stress, and an increase of temperature (Perraud et al., ] i . TRPM2 currents were elicited by voltage ramps (100 to +100 mV; HP = 0 mV) under inside-out configuration, and the macroscopic current amplitude was measured at +100 mV. The intracellular solution (bath solution) contained 200 µM ADPR with 100 µM or 100 nM Ca 2+ ; the external solution (pipette solution) was normal Tyrode's solution containing 2 mM Ca 2+ . Best fit of normalized current yielded an IC 50 of 6.7 ± 0.02 (n = 10) at 100 nM [Ca 2+ ] i and 6.3 ± 0.02 (n = 11; P < 0.01) at 100 uM [Ca 2+ ] i . (B) Effects of internal low pH i on [ADPR] i -induced TRPM2 gating. Macroscopic currents were recorded using inside-out patches by voltage ramps (100 to +100 mV; HP = 0 mV) in the nominal Ca 2+ -free (10 µM) internal solutions at pH i 7.2 or 6.7 with various concentrations of ADPR. The EC 50 s of ADPR were 2.7 ± 0.9 µM (n = 5) at pH i 7.2 and 154.2 ± 27 µM at pH i 6.7 (n = 5).
Molecular mechanisms of extracellular pH sensitivity of TRPM2
We demonstrate that acidic pH o equally inhibits inward and outward currents of TRPM2 in a voltage-independent manner (Fig. 1) , suggesting that external protons may alter gating properties of TRPM2. How could external protons affect TRPM2 gating properties? Although the detailed gating mechanisms of TRPM2 are to be established, it is known that TRPM2 can be activated by intracellular ADPR (Perraud et al., 2001 (Perraud et al., , 2005 Sano et al., 2001; Kühn and Lückhoff, 2004) or by intracellular [Ca 2+ ] i in the absence of [ADPR] i (Du et al., 2009 ). Moreover, a recent study demonstrated that external gating properties, there are several differences between internal and external proton-induced inhibition of TRPM2. For example, the IC 50 of pH i (IC 50 = 6.7 pH units) is much higher than that of pH o (IC 50 = 5.3 pH units). Although the block induced by internal protons can be readily reversed by high pH i (Figs. 9 and 10) , blocking of TRPM2 by pH o = 4.0 is not reversible. In addition, extracellular protons decrease channel conductance (Fig. 2) , whereas intracellular protons inhibit TRPM2 by efficiently leading to channel closure without altering channel conductance (Fig. 10) . These different effects suggest that internal and external protons regulate TRPM2 channel activities via distinctive mechanisms. Do external protons permeate through TRPM2 to compete with [Ca 2+ ] o for the binding site intracellularly of the gate (Csanády and Törocsik, 2009 )? Several lines of evidence suggest that external protons do not permeate through TRPM2. First, when the proton is the only cation (besides NMDG + ) in the external solutions, proton currents could not be elicited by holding the cells at 100 mV (Fig. 4, A and B) or by voltage ramps (100 to +100 mV) using the pipette conditions that favor proton conductivity (Fig. 4, C and D) (Numata and Okada, 2008) . Second, the IC 50 obtained at HP = 0 mV was not Ca 2+ activates TRPM2 channels by binding to the activating site intracellularly of the gate (Csanády and Törocsik, 2009 ). Therefore, it is possible that extracellular protons inhibit TRPM2 by altering [Ca 2+ ] o -mediated TRPM2 gating. Indeed, using the conditions modified from a previously study (Starkus et al., 2007) that allow extracellular Ca 2+ to activate TRPM2, we found that the external proton concentration for inhibiting 50% TRPM2 at 2 mM [Ca 2+ ] o is significantly higher than that at 200 µM [Ca 2+ ] o (Fig. 3 A) , indicating that external protons compete with [Ca 2+ ] o for binding sites. TRPM2 to 239, 256, and 298 µM for H958Q, D964N, and E994Q, respectively (Fig. 7) . Because H958, D964, and E994 are located at the outer vestibule, the significant decrease in [Ca 2+ ] o affinity suggests that external protons compete with [Ca 2+ ] o for binding sites at the entrance of the pore (Figs. 3 A and 7) . Negative charges in the outer vestibule have been shown to be important in maintaining a high concentration of permeating ions, a mechanism that has been demonstrated for other channels, including Na + (Khan et al., 2002) , K + (Nimigean et al., 2003) , and Cl  channels (Middleton et al., 1996) . ] oactivating site near the intracellular mouth of the channel pore (Csanády and Törocsik, 2009 ) by decreasing Ca 2+ entry, thereby leading to inhibition of TRPM2 gating.
The single-channel conductances of D964K, E994Q, and H958Q (Fig. 8) are much smaller than that of WT TRPM2 at pH o 7.4, but similar to that of WT TRPM2 at pH o 5.5 (Fig. 2) , suggesting that protonation of these residues or mutations of these residues at the outer vestibule might cause conformational change of the selectivity filter, thereby leading to a decrease in cation influx through the pore. Alternatively, protonation or mutations of these residues might reduce overall surface charges in the outer vestibule, resulting in decreased local cation concentrations and hence Na + and Ca 2+ influx, thereby leading to inhibition of TRPM2 channel gating. Further investigation is required to fully understand the detailed mechanisms underlying how external protons regulate TRPM2 channel gating.
Collectively, our results support the following model: external protons compete with [Ca 2+ ] o for binding sites at the outer vestibule, resulting in a decrease in local Ca 2+ concentration and/or conformational changes of the selectivity filter, thereby leading to reduced cation influx and inhibition of [Ca 2+ ] o -mediated TRPM2 gating.
Molecular basis for intracellular proton sensitivity of TRPM2
TRPM2 is more sensitive to intracellular than extracellular acidic pH (Figs. 6 and 10) . The IC 50 of intracellular protons needed to inhibit TRPM2 is pH i 6.7, a pH range that usually occurs under ischemia conditions significantly different from that obtained at HP = 100 mV; the latter would favor proton permeation. Third, an increase in intracellular pH i by perfusing the cells with 30 mM NH 4 Cl could not reverse the inhibition of TRPM2 induced by pH o 4.0 (Fig. 4 F) , whereas 30 mM NH 4 Cl perfusion effectively reversed the inhibition of TRPM2 produced by low pH i (Fig. 9 C) . Fourth, [Ca 2+ ] i did not change the IC 50 of external protons on TRPM2 (Fig. 3 B) . Thus, it appears unlikely that external protons are able to inhibit TRPM2 channel activities by competing with [Ca 2+ ] o for a binding site on the cytoplasmic side. To determine the molecular mechanism by which external protons inhibit TRPM2, we mutated all the titratable residues between S5 and S6 to determine which sites are responsible for pH o sensitivity. The mutants at the putative selectivity filter of TRPM2 (Chubanov et al., 2007; Xia et al., 2008) displayed similar pH sensitivity as the WT TRPM2 (Figs. 5 and 6). Both D987 and Q981 have been shown to increase Ca 2+ permeability when mutated to glutamate (Xia et al., 2008) . However, D987Q and Q981E did not alter pH o sensitivity (Fig. 6 ), suggesting that, different from TRPM7 (Li et al., 2007) and voltage-gated Ca 2+ channels (Chen and Tsien, 1997) , competing with Ca 2+ for binding sites in the selectivity filter does not underlie the mechanisms of pH o effects on TRPM2. Interestingly, we found that H958Q, D964N, and E994Q significantly changed pH o sensitivity (Fig. 6 ) compared with the WT TRPM2. H958 and D964 are located in the putative turret loop upstream of the pore helix, whereas E994 is located downstream of the selectivity filter. It has been shown that His residues in the turret loop of K 2p 2.1 channels can sense pH o and control channel gating (Cohen et al., 2008) . A Glu residue (E600) in the turret loop linking the S5 domain within the putative pore-forming region serves as a key regulatory site of the TRPV1 in response to changes in extracellular pH (Jordt et al., 2000) . Therefore, the titratable residues in the turret loop of the outer vestibule play a crucial role in pH o sensitivity and channel gating. We found that mutations of H958, D964, and E994 not only markedly changed pH o sensitivity (Fig. 6) and [Ca 2+ ] o affinity (Fig. 7) , but also decreased single-channel conductance of TRPM2, supporting the notion that these three titratable residues at the outer vestibule are the molecular determinants for pH o sensitivity and are also involved in permeation of TRPM2, presumably via conformational changes of the selectivity filter, thereby ultimately leading to changes of channel gating properties.
How could extracellular protons affect TRPM2 gating? One possibility is that extracellular protons alter TRPM2 gating by reducing [Ca 2+ ] o sensitivity, therefore inhibiting [Ca 2+ ] o -mediated TRPM2 activation. We demonstrate that in the absence of intracellular Ca 2+ , a condition that allows [Ca 2+ ] o to play a major role in TRPM2 activation (Starkus et al., 2007) (Fig. 12, A-C) , and similar effects were observed for the WT TRPM2 at acidic pH i (Fig. 11) . Second, D933N displayed slow activation and timedependent inactivation (Fig. 12 A) , which is similar to the time-dependent activation and inactivation of the WT TRPM2 at pH i 6.5 (Fig. 9 A) . Third, D933N is much less sensitive to intracellular protons compared with the WT TRPM2 (Fig. 13) . Thus, the negative charge of D933 plays an essential role in pH i sensitivity. Furthermore, it seems that the side chain of D933 is also crucial for TRPM2 gating and pH i sensitivity, as D933E produced similar pH i sensitivity to that of D933N, but displayed strong rectification characteristics. Several mechanisms may underlie the molecular basis by which intracellular protons inhibit TRPM2 gating. ] i -and [ADPR] i -mediated TRPM2 gating. Alternatively, protonation of D933 may cause conformational changes resulting in alteration of channel characteristics and inhibition of TRPM2 channel activation.
Conclusions
We demonstrate that both intracellular and extracellular protons block TRPM2 by inhibiting TRPM2 channel (Siesjö, 1988) . It has been shown that intracellular protons inhibit TRPM7 by screening negative charges of PIP 2 (Kozak et al., 2005) , which is required for TRPM7 channel activity (Runnels et al., 2002) . Different from TRPM7, inhibition of TRPM2 by intracellular protons is mediated by a specific amino acid residue (D933), which is located at the C terminus of the S4-S5 linker (Figs. 5 and 10) . It is remarkable that replacement of D933 by other residues not only changes pH i sensitivity, but also alters the ability of [Ca 2+ ] i and [ADPR] i to gate TRPM2, indicating that D933 is crucial for TRPM2 gating in addition to its ability as a pH i sensor. Indeed, replacement of D933 by E933 and H933 alters the I-V relation of TRPM2 by diminishing their inward currents, further supporting that D933 is pivotal in TRPM2 channel gating. D933 is located at the C terminus of the S4-S5 linker. It is known that the S4-S5 linker influences voltage sensor and is involved in the gating of voltagegated channels (Caprini et al., 2005) , including potassium channels (Choe, 2002) , HCN channels (Chen et al., 2001) , and voltage-dependent TRPM8 (Voets et al., 2007) . Here, we provide compelling evidence that the S4-S5 linker is also involved in TRPM2 channel gating. Therefore, our results establish that, besides the N-terminal Ca 2+ -calmodulin binding domain (Du et al., 2009 ) and the C-terminal ADPR binding domain (Perraud et al., 2001; Sano et al., 2001) , which are crucial in TRPM2 activation, the S4-S5 linker is another important domain contributing to TRPM2 gating.
It appears that both the side chain and the negative charge are crucial for D933 to fit the local microenvironment to support TRPM2 channel activation mediated by [ADPR] (Fig. 12 B) , suggesting that the negative charge of D933 is essential for TRPM2 gating. When higher concentrations of [ADPR] i (1 mM) and [Ca 2+ ] i (100 µM) are included in the pipette solutions, all the substitution mutants except D933A are activated, although the current amplitudes of D933K and D933H are only one tenth of the current amplitude of D933N or D933E (Fig. 12) . These results strongly suggest that the residue D933 contributes to TRPM2 gating by carrying a negative charge as well as by having the right molecular size or side chain to fit the local microenvironment. Because endogenous [ADPR] i is in the micromole range (Heiner et al., 2006) and [Ca 2+ ] i is <100 nM, changes in pH i under pathological ischemic conditions can readily inactivate TRPM2. Therefore, D933 can be an intracellular proton sensor for regulating TRPM2 channel activity.
How could intracellular protons change TRPM2 gating properties through D933 residue? TRPM2 gating is a complex process. Although it is known that [ADPR] i gating. The molecular mechanisms by which extracellular protons inhibit TRPM2 gating is through titration of D964, H958, and E994 at the outer vestibule, resulting in conformation changes and inhibition of [Ca 2+ ] o -mediated TRPM2 gating. We identify that the residue D933 at the C terminus of the S4-S5 linker confers pH i sensitivity as well as regulates [ADPR] 
